Introduction
The Hg 1-x Cd x Te (HgCdTe) ternary alloy is well established as a variable gap semiconductor for fabrication of high-sensitivity detectors over a wide infrared (IR) spectral range (1-30 µm). HgCdTe can be used for detectors operating at various modes, at temperatures ranging from that of liquid helium to room temperature [1, 2] . The specific advantages of this material system are the direct energy gap, ability to obtain both low and high carrier concentrations, high mobility of electrons, and low dielectric constant. The extremely small change of a lattice constant with composition makes it possible to grow high quality layered and graded gap structures.
In recent years, the realization of dual-band HgCdTe infrared detectors has been the core of intensive research and technological developments [3] [4] [5] [6] [7] [8] [9] . The detection in two different infrared bands or at two different wavelengths within the same band, allows the absolute temperature determination of an infrared scene, assuming a constant emissivity over the spectral range. For different applications, several architectures of devices and spectral bands are required, SWIR/MWIR, MWIR/MWIR, MWIR/LWIR bands with the ability to detect infrared radiation independently and simultaneously in two separate wave regions. The outputs from the two bands can be accessed either by having two contacts per pixel or by designing a back-to-back diode structure, where the outputs are bias selectable [e.g. focal plane arrays (FPAs) with simultaneous or sequential readout of the two bands]. This two-colour device architecture is realized by placing a longer wavelength photodiode physically behind a shorter wavelength photodiode.
The HgCdTe alloy is an ideal material for producing dual waveband structures. Previously, the multilayer approach has been usually fabricated using molecular beam epitaxy (MBE) [4] [5] [6] 9] . However, an alternative growth technique, metaloorganic chemical vapour deposition (MOCVD), also allows the growth of multilayer structures with excellent control of composition and doping profiles [8] . MOCVD technique has been selected for its inherent versatility (low growth temperature, ability to grow layered structures with a complex composition and doping profiles while maintaining sharp interfaces). MOCVD makes possible to use low-cost and high quality substrates (GaAs, sapphire and silicon), has the potential for a large-scale production and is cost-effective. Physical properties of MOCVD HgCdTe heterostructures on GaAs substrates exceed those on costly CdZnTe substrates. In comparison with MBE, MOCVD does not require high vacuum for growth, is easier serviceable technique with larger throughput. Also donor and acceptor doping at medium and high level, essential for near room temperature devices, can be easy realized using MOCVD [10, 11] .
In this paper we describe recent progress in the MOCVD growth of HgCdTe multilayer heterostructures on GaAs substrates for photodetectors operating above 200 K. We present examples of design and characterization of two different architectures of two-colour infrared detectors. The first one is the classical n-p-n back to back HgCdTe photodiode structure that operates within the MWIR band in a sequential mode. The second one is the multilayer heterojunction P-n-N-n-P structure operating in a simultaneous mode at the MWIR band too. More attention is paid to the phenomena connected with the effect of additional separating layer on the quantum efficiency and cross-talk of the photodiodes. Finally, we discuss temperature dependence of the detector parameters.
Design of two-colour structure
The cross-section scheme of a dual-band device is presented in Fig. 1 . Each detector consists of two back-to-back p-on-n photodiodes. The both photodiodes detect in the middle wave infrared (MWIR) spectral band, with a cut-off wavelength of 4 µm for the first band (MW1) and 5 µm for the second band (MW2). We design and analyze two types of diode architecture. Detector of type I consists of N-p-P-p-N structure (where the lower case letters refer to the absorber region, while the upper case letters refer to the higher Cd mole fraction layers), with a single contact per pixel. The MW1 diode is realized during epitaxial growth by a simple doping part of the first absorbing layer with iodine. The MW2 junction is obtained using the same method for the second absorbing layer. The two photodiodes are contacted and biased through the single contact on the top and common contact on the substrate side. This diode operates in a sequential mode. By switching the bias voltage from a positive to a negative value, it is possible to detect the signal in the first or the second p-n junction.
The second type of a dual-band device is also five-layer structure with two n-type active layers, where the radiation is absorbed and separated by a larger bandgap barrier layer. Electrical connections are made via a middle N-type layer and two contacts to the top and bottom P-type layers. The electrical scheme of this type of dual-band detector is shown on the right side of Fig. 1 . Two indium contacts on the mesa top in each unit cell provide independent electrical access to the back-to-back MW1 and MW2 photodiodes, and allow the MW1 and MW2 photocurrents to be separated and independent. This diode operates in a simultaneous mode.
A semiconductor modelling program was used to check these two designs. The program is based on a standard differential equation solver that simultaneously solves the continuity equations for electrons and holes and Poisson's equation. The numerical procedure is described in Refs. 12 and 13. In practice, the calculations are started by solving the Poisson's equation assuming thermodynamic equilibrium. This leads to constant Fermi levels across the structure what is then used as the reference energy for further calculations. At the next step, the spatial distribution of electrostatic potential, concentrations of electrons, holes, ionised impurities, and electron affinity, are calculated iteratively. In the calculation, the non-parabolicity and degeneration are taken into account. Neumann boundary conditions have been used for calculations of electrical potential at equilibrium conditions. The electrical bias has been taken into account by the change of the boundary conditions at contact regions. To calculate the influence of illumination, the optical generation rate to the thermal genera- tion rate, are added. The concentrations and generation-recombination rates are expressed as the functions of potential and Fermi quasi-levels without any simplified assumptions. The linearization of the iterative equations has been achieved by a gradual change of electric bias and optical power density. This program was used to check out the electrical coupling between two diodes and to ensure that both junctions were photo-sensitive. The type 2 dual-band MW/MW devices were based on the P-n-N-n-P structure. The doping and compositions of the layers are shown in Table 1 . The predicted band diagrams at room temperature are shown in Fig. 2 . This figure shows that no barriers have been generated at the heterostructure interfaces and shows the photon flux of infrared radiation in consecutive layers. The numerical model predicts the values of absorber layer thicknesses to achieve maximum quantum efficiency and minimum optical crosstalk. Figure 3 presents the spectral dependence of the quantum efficiency of MW1 and MW2 detectors with low (U = 10 mV) and high (U = 300 mV) reverse bias voltage. The calculated cut-off wavelengths are 3.6 µm and 5.2 µm for MW1 and MW2 device, respectively. High quantum efficiency with low reverse bias voltage may be achieved. Stronger reverse bias causes small increase in the quantum efficiency only in MW2 photodiode but did not change the quantum efficiency in MW1 band. 
is used for donor doping. DMCd/EI and DIPTe/TDMAAs input channels are separated by partition to prevent premature gas mixing and dust formation. A detail discussion of the MOCVD growth procedures can be found in Refs. 10 and 11.
Average composition of the sample was determined from infrared absorption measurements in the central area of the layers. Chemical analysis and the Cd, Hg, and Te profile compositions at different depths of the epitaxial layers were performed using secondary ion mass spectrometry (SIMS). A typical SIMS profile for cadmium and mercury is displayed in Fig. 4 . The Cd and Hg signals have been normalized to the Te signal that is unity for the entire stack. The arsenic profiles are well defined and have abrupt fall-offs. The structure consists of a thick layer with cadmium fraction of 0.32 allowing for detection at the shortest wavelength (MW1), followed by a barrier and the second detection layer with a cadmium fraction of 0.26 (MW2). The stack is terminated by a wide bandgap thin layer. An important aspect of the MWIR dual-band approach is a mesa P-n-N-n-P device geometry that includes a wide--bandgap cap layer over a narrow bandgap base layer, which is the active device layer. The use of heterostructure restricts the volume of the absorber, and hence, the volume of the dark current generation, while the higher energy gaps on both sides of the absorber limit minority carrier injection. The n-type absorbing base region was deliberately doped with iodine at the level of about 10 15 cm -3 . The N-type barrier region was doped with iodine at the level of about 5´10 17 cm -3 . The P-type surface and top layers are doped with arsenic at the level of about 1´10 18 cm -3 . Observation of cleavage multilayer heterostructures confirms their geometry (Fig. 5) .
The optical properties of the multilayer structures were evaluated using Fourier transform infrared (FTIR) transmission spectra and Nomarski interference contrast photomicrography. Most of the surface defects can be attributed to tellurium precipitates with a size in the 2-10 µm range. The FTIR microscopic measurements give both composition and thickness of the layer. An example of typical FTIR data is shown in Fig. 6 . The transmission spectra measurements, after the structure growth, show small transmission due to absorption in a highly doped surface contact layer. After removing this surface layer we can observe good FTIR spectra of the MW2 layer. Removing long wavelength layer is essential for receiving the transmission of the second absorbing layer. The average composition of MV1 and MW2 layer was x = 0.26 and x = 0.32, respectively, and confirms the MOCVD process assumption.
The standard photolithographic technique was used for the device fabrication. The mesas were etched to a depth of the second p-n junction, using a Br/glycol mixture. In the type 2 devices, the second mesa was etched to the n-type layer (about 5 µm). In diodes fabricating, Au is used as the ohmic contact for p-type side, while In for the n-type side. In some cases, the ion milling was applied before In deposition. The type 1 test devices had dimension 400´400 µm 2 , but the devices of type 2 had the following dimension, MW1 diode 400´400 µm 2 , and MW2 diode 1200 µm 2 .
Device characterization
The performance of a backside illuminated photodiode was established by the measurements of the current-voltage (I-V) characteristics and spectral responsivity at 200 K and 300 K. The photodiodes were mounted in a liquid nitrogen cooled cryostat system and temperature dependences characteristics were measured in the temperature range between 77 K and 300 K. The relative photoresponse spectra were measured using an FTIR spectrometer. The absolute photoresponse was determined using a calibrated blackbody test set, which is composed of a blackbody source, preamplifier, lock-in amplifier, and chopper system. Two essential detector parameters which influence the detectivity value, the bias impedance-area product (RA product) and quantum efficiency were measured and analyzed.
Type 1 device sequential mode
At present, we consider the type 1 two-colour detector. The current-voltage (I-V) characteristics of these structures, working at a sequential mode, are complicated. Figure 7 displays typical I-V and R-V curves at the temperature of 200 K. These devices have break-down voltage and maximum impedance close to those usually measured on conventional mesa single band diodes. Negative bias corresponds to the reverse of the MW2 diode, while the positive bias is the region of the reverse characteristics for the MW1 diode.
The spectral response characteristic for the two diodes is plotted in Fig. 8 . The MW1 and MW2 diodes have good spectral signature with the cut-off wavelength equal to 3.2 µm and 4.4 µm, respectively. In this case, the proper bias polarity is very important. Too much bias voltage causes not only increase in the quantum efficiency in MW1 or MW2 range but also increase in the cross-talk. The cross-talk at V = -500 mV for the MW1 detector, which is the ratio of its responsivity in the MW2 region to that in the MW1, region is 24%. The cross-talk at V = 600 mV for the MW2 detector is 46%. For each device, there is optimal bias polarity when the current cross-talk is in the range of a few percent but the quantum efficiency measured in both bands is around 20% only. Figure 9 displays the representative current-voltage characteristic for MW1 and MW2 detectors operating at 200 K. The dark current of these device is thermally generated (diffusion limited devices -ideality factor is close to one). The dynamic differential resistance as a function of a diode bias voltage is also shown. The maximum dynamic resistance of a short wavelength detector (MW1) in comparison with MW2 device is of one order higher. These resistances increase slightly with the decreasing temperature and move to zero bias voltage. At high temperature, the reverse characteristic of the diode exhibits negative resistance (see Fig. 10 ). The negative resistance is associated with the Auger suppression that occurs when the device is reverse biased, thereby reducing the carrier density in the n-type region. To explain the cause of a reverse current breakdown, the I-V characteristics at different temperatures were measured and presented in Fig. 10 . The current depends strongly on temperature and the temperature coefficient of the current at the temperature above 200 K is positive, what indicates that thermally generated currents dominate. Figure 11 shows a spectral response of two-colour device at the temperatures 200 K and 300 K. Peak internal quantum efficiency was changed within temperature. The curves are typical in shape with no unexpected features. The cut-off wavelength decreases with temperature as the bandgap increases and agrees well with the room-temperature transmission edge of the starting MOCVD base layer. The expected filtering of the photodiode response spectrum by the N + -type layer is clearly evident in the sharp increase in response at 2.3 µm. The maximum quantum efficiency value of up to 60% (without antireflection coating) for cut-off wavelengths of 5.2 µm and 6.8 µm for MW1 and MW2 detector, respectively, are observed at 200 K. The cross-talk for the MW1 detector is 4% but for the MW2 detector below 1%. The series and contact resistances comparable to the junction impedance cause significant decrease in quantum efficiency at higher temperatures (at 300 K up to 8%). The reverse bias polarity improves the quantum efficiency of photodiodes at 300 K. Too much reverse bias voltage drastically increases the cross-talk of MW2 photodiode and overlap two-colour range (Fig. 12) .
Type 2 device simultaneous mode

Conclusions
Device quality MOCVD wafers have been grown routinely for application in the 2-5 µm spectral region. We have demonstrated that high performance MWIR two-colour HgCdTe photodiodes can be fabricated by MOCVD technique. This technique has been selected for its inherent versatility (low growth temperature, ability to grow layered structures with a complex composition and doping profiles while maintaining sharp interfaces).
Two different architectures of two-colour infrared detectors at the MWIR band operating in sequential or in simultaneous mode have been analyzed. The multilayer heterojunction P-n-N-n-P structure operating in a simultaneous mode has better performance than the structure operating in a sequential mode. The mesa-delineated, backside-illumi- 
